ABSTRACT
INTRODUCTION
The chemiluminescent detection of target DNA, besides being safer and as sensitive as radioisotopic detection, offers versatility in the labeling of probes and choice of detection formats. In a commonly used format, probes are labeled with haptens such as biotin, fluorescein or digoxigenin (Dig). The hapten is then bound with its corresponding ligand or antibody conjugated with a reporter enzyme such as horseradish peroxidase (HRP) or alkaline phosphatase (AP). The reporter enzyme is detected with a chemiluminescent substrate.
Recognizing that blotting analyses are labor-intensive and time-consuming, techniques have been developed to increase the amount of information that can efficiently be obtained from a blot, e.g., the stripping of probes and rehybridization of the blot with additional probes (4, 9) . For example, genetic fingerprinting of forensic DNA samples by restriction fragment-length polymorphism (RFLP) analysis requires analyzing a Southern blot with several probes. Often the limited availability of DNA necessitates the stripping and reprobing of the same blot multiple times (1, 7) . In northern blot analysis where the expression of a specific gene is measured at the messenger RNA (mRNA) level, the signal is normalized by reprobing the blot for α -tubulin or β -actin mRNAs. Detection steps in western blotting can also involve stripping off antibodies from the initial round of hybridization and hybridizing the blot with another set of antibodies for additional data (5) .
Potential savings in time, effort and sample amount afforded by stripping and reprobing is gained at the expense of membrane-bound target nucleic acids (7) or proteins (5) that are lost causing reduced detection sensitivities in the second and subsequent detection steps. In this report, we present an alternate strategy for sequentially detecting two membrane-bound targets that avoids the disadvantages of stripping and reprobing. This method is demonstrated in an assay of two different DNA analytes. The assay format consists of simultaneously hybridizing two differently labeled probes that bind to corresponding ligands or antibodies (one conjugated with HRP and the other with AP), thus enabling the detection of the two reporter enzymes by sequential application of two chemiluminescent reagents. The first reagent contains a peroxidase substrate that emits chemiluminescence from the HRP-labeled bands. The second reagent contains both a phosphatase substrate for detecting the AP-labeled bands and components that stop light emission from the HRP-substrate reaction.
MATERIALS AND METHODS

Chemiluminescent Substrates
The chemiluminescent HRP detection reagent Lumigen ™PS-3 was obtained from Lumigen (Southfield, MI, USA 
Detection of DNA Markers
The sequential detection of DNA was first demonstrated using two differently labeled DNA size markers, a biotinylated Hin dIII enzyme-digested λ phage DNA (Life Technologies, Gaithersburg, MD, USA) and a Dig-labeled Eco RI enzyme-digested SPPI marker DNA (DNA Molecular Weight Marker VII 2 ; Boehringer Mannheim, Indianapolis, IN, USA). These size markers were fractionated individually in separate lanes and as a mixture in a third lane in a 1%-agarose gel containing ethidium bromide (EtdBr) ( Figure  1 ). The gel was prepared for blotting using the following solutions: (i) depurination (0.25 M HCl), (ii) denaturing (0.5 M NaOH, 1.5 M NaCl) and (iii) neutralization (0.5 M Tris-HCl, pH 7.5, 1.5 M NaCl) and then Southern blotted using a VacuGene ® Blotting System (Amersham Pharmacia Bio - The enzyme conjugates were diluted at 1:5000 in 2% Blocking Buffer before use. The blots containing the DNA size markers were treated with ImmunoPure ® Avidin (Horseradish Peroxidase Conjugated; Pierce Chemical, Rockford, IL, USA) and AntiDigoxigenin-AP (Boehringer Mannheim) enzyme conjugates followed by sequential treatments with the chemiluminescent substrates Lumigen PS-3 for HRP and H 2 O 2 -modified Lumi-Phos Plus for AP. Both the enzyme and substrate treatments were performed at room temperature; the substrate incubations were done in subdued light to minimize exposure of the substrate to bright light. Following the enzymeconjugate treatment, the blots were washed 2 × for 20 min each in 1 × Wash Buffer and then reacted with the HRP substrate for 5 min. Excess substrate was removed by gently pressing the blots in between a pair of transparent plastic sheets, which were then exposed to X-OMAT ® AR (XAR) film (Scientific Imaging Systems [Eastman Kodak], New Haven, CT, USA). Exposure times generally ranged in length from a few seconds to minutes for obtaining optimal signal and background. To prepare for the second detection, blots were rinsed for 5 min each in 1 ×Wash Buffer and in AP Detection Buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ) followed by another 5-min treatment with the AP substrate. The blots were then placed between transparent plastic sheets, excess substrate was removed and the signal was captured on XAR film. Figure 2 shows the sequential detection strategy, as described above, that was applied to detect and differentiate between the genotypes of the cystic fibrosis transmembrane conductance regulator ( CFTR ) gene with and without the ∆ F 508 mutation. The DNA (0.5 µ g) of CFTR genotypes for the ∆ F 508 mutation (obtained from Coriell Cell Repositories, Camden, NJ, USA), wildtype (N/N), heterozygous (N/ ∆ F 508 ) and homozygous ( ∆ F 508 / ∆ F 508 ) were amplified by polymerase chain reaction (PCR) using TaqDNA polymerase (8) . A pair of PCR primers was designed to amplify the exon 10 region of the CFTR gene containing the mutation (primers were synthesized by Oligos Etc. & Oligo Therapeutics, Wilsonville, OR, USA). The primers had the sequences: 5 ′ -ACTTCACTTCTAATGA-TGATTATG-3 ′ and 5 ′ -CTCTTCTAG-TTGGCATGCTTTGAT-3 ′ . The PCR products were electrophoresed on a 1% agarose gel and Southern blotted as described above for the DNA size markers. The blot was hybridized simultaneously with a pair of differently labeled (biotin and Dig) oligonucleotide probes in which one was complementary to the normal and the other to the mutant allele. The labeled oligonucleotides were 5 ′ biotin-ATATCATCTTTGGTGTTT -CCT-3 ′ (normal) and 5 ′ Dig-GAAAA-TATCATTGGTGTTTCC-3 ′ (mutant).
Southern Blot Analysis of CFTR Genotypes
The conditions for prehybridizing and hybridizing the blot were 52°C for 1 h and overnight, respectively, using a 6 × standard saline citrate (SSC); 0.9 M NaCl, 0.09 M sodium citrate, pH 7.0, 0.01 M EDTA, pH 8.0, 5 ×Denhardt's solution (0.1% Ficoll ® Type 400, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin), 0.5% sodium dodecyl sulfate (SDS) and 100 µ g/mL denatured salmon sperm DNA (Life Technologies). The post-hybridization washes were done at 52°C for 20 min each first in 2 ×SSC, 0.1% SDS and then in 0.5 × SSC, 0.1% SDS. The blots that contained DNA hybridized with the CFTR allele-specific oligonucleotides were treated as described above for washing, blocking and binding of antibodies and detection steps.
RESULTS
To demonstrate the feasibility of detecting two different DNA sequences by sequential chemiluminescent detection steps, two sets of labeled DNA markers were electrophoresed, blotted onto membranes and bound with enzyme conjugates. One lane contained biotinylated Hin dIII-digested λ DNA, another contained Dig-labeled SPPI-Eco RI size marker DNA and the third lane contained a mixture of both marker DNAs. Incubating the blotted DNA in a solution containing avidin-HRP and antiDig-AP allowed for binding of each enzyme conjugate to its respective ligand. Figure 3A shows the resulting image obtained after applying the peroxidase substrate. Figure 3B obtained after subsequent treatment of the same blot with the phosphatase substrate. Upon treatment with Lumigen PS-3, chemiluminescence was generated only from the avidin-HRP bound biotinylated Hin dIII digested λ DNA bands ( Figure 3A, lanes 1 and 3) . The membrane was washed and treated with H 2 O 2 -modified Lumi-Phos Plus, causing the HRP-generated signal to cease and AP-catalyzed chemiluminescence to be produced from the Dig-labeled SPPI-Eco RI size marker in Figure 3B , lanes 2 and 3. Superposition of the images from Figure 3 , A and B, produced Figure 3C , which reveals all of the band sizes in lane 3. These results are consistent with the pattern seen in each of the lanes of the EtdBr-stained agarose gel as shown in Figure 1 . The sequential detection strategy was used for the detection of all three genotypes of the CF ∆ F 508 mutation. PCR-amplified exon 10 regions of the CFTR gene from each of the three genotypes, N/N, N/ ∆ F 508 and ∆ F 508 / ∆ F 508 , were Southern-blotted and simultaneously hybridized with a pair of differently labeled oligonucleotides specific for the normal (biotin labeled) and mutant (Dig labeled) alleles. One incubation step with a mixture of avidin-HRP and anti-Dig-AP conjugates, followed by sequential detections as described above enabled selective detection of the genotypes containing the normal allele, N/N and N/ ∆in the first step ( Figure 4A ) vs. the genotypes with the mutant ∆ F 508 allele, N/ ∆and ∆ / ∆ ( Figure 4B ) in the second step.
DISCUSSION
In most types of applications based on a blotting technique, there is a need to obtain the maximum information with the minimum amount of sample, time and effort. Although stripping and reprobing activities achieve that end to some extent, they are tedious and counterproductive because of the reduction in signal due to membrane-bound template DNA loss during stripping. It is estimated that up to 20 ng of membrane-bound target DNA is lost during each stripping step, depending on the method of probe removal (7) . The loss of analyte and the added time and expense of stripping and reprobing can be reduced by a strategy in which the blots are simultaneously hybridized with two differently labeled probes and detected in sequential steps with the two different enzyme substrates of the probes.
The success of the technique described depends on using a pair of enzyme detection reagents in which each can signal the presence of its corresponding enzyme rapidly with no signal arising from the other enzyme. HRP and Lumigen PS-3 were chosen as the first enzyme substrate pair because they satisfy several criteria. Rapid and highly sensitive chemiluminescent detection of HRP conjugates in blotting applications has been previously demonstrated using Lumigen PS-3 (2). Moreover the reaction can be rapidly quenched through a fourfold effect when the glowing blot contacts a high pH buffer that contains a high concentration of peroxide. The alkaline buffer (pH ≥ 9.5) of Lumi-Phos Plus diminishes peroxidase activity, and the high concentrations of peroxide convert HRP into a catalytically inactive form called HRP compound III (6) . In addition, the substrate, 2,3,6-trifluorophenyl 10-methylacridine-9-carboxylate is rendered nonluminescent by reaction with either hydroxide or hydroperoxide ion.
AP is one of the most useful enzyme labels because of its high catalytic activity under a variety of conditions including relatively high pH. Inclusion of up to about 0.15% (vol/vol) of peroxide in Lumi-Phos Plus had no adverse effect on either the substrate or the enzyme as shown by the generation of chemiluminescence. Since Lumi-Phos Plus has proven to be a robust reagent for use in ultrasensitive blotting applications (3), we chose AP as the second enzyme in the sequential detection scheme and modified Lumi-Phos Plus by addition of H 2 O 2 for use as the AP substrate.
Note that after detection of the bound peroxidase label, a brief intermediate wash step with a pH 9.5 buffer was used before wetting the membrane with H 2 O 2 -modified Lumi-Phos Plus. However, the protocol can be simplified and the extra wash step avoided simply by extending the incubation time of the membrane in the second detection reagent to ≥ 15 min since it has a pH of 9.6.
We have shown two applications for a sequential chemiluminescent detection method of visualizing two different DNA analytes on a single blot. We have also shown that this strategy can be used to sequentially detect the normal CFTRgenotype vs. those harboring the ∆ F 508 mutation on a single Southern blot. In other experiments (data not shown), we have used the sequential detection strategy in a genomic Southern blot to detect single copy gene sequences. Even in this assay, which demands greater detection sensitivity, spillover of the first luminescent reaction does not appear to interfere with detection of the second luminescent reaction. While we have illustrated the use of the sequential detection for genotype discrimination, we anticipate that this detection technique can be used in other applications as well.
